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ABSTRACT 
 
Thermal efficiency improvement, fuel consumption and pollutant emissions 
reduction from biodiesel fueled engines are critical requirements in engine 
research. In order to achieve these, a rapid and better air-fuel mixing 
condition is desired. The mixing quality of biodiesel with air can be improved 
by selecting the best engine design particularly combustion chamber design 
and injection system parameters. The present work investigates the effect of 
varying the piston bowl geometry on the air flow characteristics such as 
swirl velocity, Swirl Ratio (SR), and Turbulent Kinetic Energy (TKE) inside 
the engine cylinder. The piston’s bowl geometry was modified into several 
configurations that include Shallow depth combustion chamber (SCC), 
Toroidal combustion chamber (TCC), Shallow depth reentrant combustion 
chamber (SRCC) and Toroidal re-entrant combustion chamber (TRCC) from 
the standard Hemispherical combustion chamber (HCC), without altering 
the compression ratio of the engine. A commercially available CFD code 
STAR-CD was used to analyze the in-cylinder flow at different conditions. 
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Flow conditions inside the cylinder were predicted by solving momentum, 
continuity and energy equations. The results confirmed that the piston bowl 
geometry had little influence on the in-cylinder flow during the intake stroke 
and the first part of compression stroke i.e. up to 300oafter suction TDC. 
However, the piston bowl geometry plays a significant role in the latter stage 
of the compression stroke i.e. beyond 300oafter suction TDC to compression 
TDC. The intensity of maximum swirl velocity at the end of compression 
stroke for TRCC was observed higher as 18.95 m/s and a strong 
recirculation was observed due to the geometry. Compared to baseline HCC 
the TRCC had higher, maximum swirl ratio and turbulent kinetic energy by 
about 28% and 2.14 times respectively. From the analysis of results, it was 
found that TRCC configuration gives better in-cylinder flows. 
 
Keywords: Diesel Engine, Combustion Chamber, Swirl Velocity, Swirl 
Ratio, Turbulent Kinetic Energy. 
 
Introduction 
  
The main purpose of an internal combustion engine is to exhibit good 
performance while meeting the stringent emission standards. In order to meet 
those requirements, the outcomes of the combustion process are very 
important in internal combustion engines [1]. In-cylinder fluid dynamics in 
DI diesel engines plays a vital role for efficient combustion process [2]-[4]. It 
has been widely known that the engine performance and emissions of a 
compression ignition engine are dependent on the fuel vapour distribution in 
the cylinder. The efficiency of a DI diesel engine depends on the mixture 
preparation and its distribution inside the combustion chamber [5]. This 
phenomenon is based on the interaction of the in-cylinder air motion such as 
swirl, squish, tumble and turbulence and the spray characteristics from the 
high pressure injector. Hence, the shape of the combustion chamber 
geometry, the location of the injector, type of injector, air motion and fuel 
delivery characteristics become important factors for study [6].  
 The piston bowl geometry, location of injector, cylinder geometry and 
injection characteristics are important criteria in the design of DI diesel 
engines [2, 7]. The fuel evaporation and mixing processes are strongly 
influenced by the turbulent nature of the in-cylinder flows. In order to have 
better mixing, swirl is generated during the compression stroke as a result of 
combustion chamber geometry [8]. In-cylinder flow characteristics at the 
time of fuel injection and subsequent interactions with fuel sprays and 
combustion are the fundamental considerations for the engine performance 
and exhaust emissions of a diesel engine. Computational fluid dynamics 
(CFD) is a powerful tool for the computation of fluid flow in complex 
geometries. The calculation of the flow field in the complex combustion 
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chamber geometry is a great challenge. With the help of CFD, results can be 
used for the optimization of the combustion chamber geometry regarding the 
improvement of efficiency and the reduction of emissions in existing engine 
and can be used for new developments. 
 The aim of this work is to study the effect of combustion geometry on 
air flow and thereby to improve the performance of a four stroke, single 
cylinder 5.2 kW engine running at 1500 rpm for biodiesel operation.  Hence, 
virtual prototypes of the piston with five different combustion chamber 
geometries were created and analyzed using CFD software package. 
 
Motivation 
 
The high fuel efficiency of diesel engines has led to their use in many fields 
including transportation, electrical power generation and agricultural 
machinery [9, 10]. However, the rapid depletion of fossil fuel with increased 
environmental concern has increased interest and efforts to produce an 
alternative to diesel [11]-[14]. Use of biodiesel as an alternative fuel can 
contribute significantly towards the twin problem of fuel crises and 
environmental pollution. Researchers [15, 16] have shown that biodiesel fuel 
exhibits physico-chemical properties which are similar or some even better 
than to those of diesel and hence can be used in diesel engines. However, 
certain properties of biodiesel such as viscosity, calorific value, density and 
volatility differ from diesel.  
 The high viscosity of biodiesel affects injection characteristics. 
Although transesterification reduces viscosity of biodiesel [17, 18], the 
viscosity of biodiesel was found to be 50 to 80% higher than diesel [19]. The 
poor atomization, insufficient in-cylinder air motion and low volatility of 
biodiesel lead to difficulty in the air-fuel mixing. Inadequate air-biodiesel 
mixing and sluggish evaporation process significantly affect the combustion 
process [20] leading to poor performance of biodiesel fueled diesel engine 
[21]-[32]. The inferior performance of biodiesel operated diesel engine in 
comparison with conventional diesel fueled diesel engine is mainly due to 
change in fuel properties, engine design and operating parameters. In 
addition in DI diesel engine, the combustion chamber has been optimized for 
combustion of diesel, including improvement of mixing between injected 
fuel and in-cylinder air, and not for biodiesel. Apart from injection 
parameters, the shape of the combustion chamber can also help to form better 
mixtures. The shape of the combustion chamber and the fluid dynamics 
inside the chamber are of great importance in biodiesel combustion. As the 
piston moves upward, the gas is pushed into the piston bowl. The geometry 
of the piston bowl can be designed to produce a squish and swirling action 
which can improve the fuel/air mixture before ignition takes place. Therefore 
to achieve improved performance and further reductions in emissions, rapid 
The Influence of Piston Bowl Geomatries for Biodesel Operation 
 
80 
 
 
and better air-biodiesel mixing is the most important requirement. 
Researchers [33] have carried out simulation studies to investigate the effect 
of piston bowl geometry on both engine performance and combustion 
efficiency in a direct injection (DI), turbocharged diesel engine for heavy-
duty applications using STAR-CD. The simulation results show that, toroidal 
bowl with lip enhance the turbulence and hence results in better air-fuel 
mixing. As a result, the indicated specific fuel consumption and soot 
emission reduced, although the NOx emission is increased owing to better 
mixing and a faster combustion process. Prasad et al [34] studied the effect 
of swirl induced by piston bowl geometries on pollutant emissions from a 
single cylinder diesel engine using CFD. Pollutant emission measurements 
indicated a reduction in emissions for toroidal, with slightly re-entrant type 
combustion chamber due to improved air swirl.  
 As the combustion chamber geometry affects the air–fuel mixing and 
the subsequent combustion and pollutant formation processes in a DI diesel 
engine an attempt has been made here to investigate the effect of combustion 
chamber design on air motion and thereby air-biodiesel mixing. In this 
investigation, numerical simulation was carried out using five types of 
combustion chamber geometries to analyze the air motion. 
 
Geometric Modelling  
 
The engine studied in this work was a stationary, single-cylinder, DI diesel 
engine with five different piston bowl shapes. These shapes are 
representative of the geometries usually employed for the optimum 
combustion process in real engines. The piston named HCC had a 
Hemispherical Combustion Chamber and used as a baseline model. Two 
pistons having open combustion geometries namely Shallow depth 
Combustion Chamber  and  Toroidal Combustion Chamber (named SCC and 
TCC respectively) and two other pistons having re-entrant combustion 
chamber geometries namely Shallow depth Re-entrant Combustion Chamber 
and Toroidal Re-entrant Combustion Chamber (named SRCC and TRCC 
respectively) were used. In order to maintain the compression ratio of the 
engine under consideration, while modeling, the bowl volumes for all the 
combustion chamber configurations were kept constant. Figure 1 shows the 
shapes and dimensions of five combustion chamber geometries used. The 
inlet valve axis is offset from the cylinder axis by 18.5 mm in the x direction 
and 2.0 mm in the y direction. The standard specification of the base engine 
selected for the simulation is given in Table 1. 
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Table 1: Standard engine specifications 
 
Make Kirloskar  TV1 
Type 
Vertical diesel engine, 4stroke, water cooled, 
single cylinder 
Displacement 661 cc 
Bore & Stroke 87.5 mm & 110 mm 
Compression ratio 17.5:1 
Fuel Diesel 
Rated brake power 5.2 kW @ 1500 rpm 
Ignition system Compression ignition 
Combustion chamber Hemispherical combustion chamber 
 
 
Modelling Methodology  
 
The modeling and analysis of the combustion chamber configurations have 
been carried out using software packages. The software packages GAMBIT 
and STAR-CD were used. The pre-processor GAMBIT was used to create 
the computational domain of the engine and computational fluid dynamics 
code STAR-CD was used for solution of governing equations and post 
processing the results [35, 36]. A hexahedral block structured mesh was 
employed for the entire computational domain of the engine. Figure 2 shows 
the computational meshes employed for the simulation of different 
combustion chamber geometries.  
 Flow conditions inside the cylinder were predicted by solving 
momentum, continuity and energy equations [37, 38]. The simulation was 
carried out for a constant engine speed at non-reacting condition. Constant 
pressure boundary conditions were assigned for both intake and exhaust 
ports, so the dynamic effects were neglected. The initial values for pressure 
and temperature were 1.02 bar and 303 K respectively, with both variables 
considered as homogeneous in the whole domain. As the residual swirl of the 
flow in the cylinder at the end of the exhaust stroke was not taken into 
account, the flow was supposed to be quiescent initially. The initial 
turbulence intensity was set at 5% of the mean flow, and the integral length 
scale was estimated with the mixing length model of Prandtl [39]. The walls 
of the intake ports, the lateral walls of the valves and the cylinder head, the 
cylinder wall and the piston crown that form the walls of the combustion 
chamber were considered adiabatic.  
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Figure 1: Schematic diagram of combustion chambers employed 
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Figure 2: Computational domains of different combustion chamber 
geometries 
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The calculations began at TDC of the intake stroke and completed at 
30 degrees after TDC (aTDC) of compression. In order to study the fluid 
flow behaviour in the analysis, quantities such as swirl velocity, Turbulent 
Kinetic Energy (TKE) and Swirl-Ratio (SR) were computed for the in-
cylinder flow field about the cylinder axis. The quantity known as Swirl ratio 
is expressed as [3, 40],  
 
𝑆𝑅 =
60𝐻𝑧
2𝜋𝑀𝑧𝛺𝑐𝑠
 
 
 Where, Hz represents the total angular momentum of the in-cylinder 
fluid about the cylinder axis, Mz is the total moment of inertia of the fluid 
about the cylinder axis, Ωcs is the angular speed of the crankshaft in rpm.  
 
Results and Discussion  
 
A numerical simulation study was carried out to investigate the effect of 
combustion chamber configuration on air motion inside the cylinder of a DI 
diesel engine motored at 1500 rpm. Five combustion chamber configurations 
namely HCC, SCC, TCC, SRCC and TRCC were modeled for the flow 
analysis in the first stage. This section describes the results from a 
comprehensive CFD study on the flow characteristics inside the cylinder of 
the engine. The flow in the cylinder during the intake and compression stroke 
was analyzed, and presented in the following section. 
 
Swirl velocity 
Figure 3 to 7 show the swirl velocity for the different combustion chamber 
geometries at compression TDC. The predicted swirl velocity was low for 
the open bowl configurations compared to the re-entrant bowl configurations. 
TRCC showed higher swirl mean velocity component than other combustion 
chamber geometries in all the locations.  It was due to the induced tangential 
component of TRCC, which was able to sustain until the end of compression. 
The intensity of maximum swirl velocity at the end of compression stroke for 
TRCC (Max: 18.95 m/s) was observed maximum and a strong recirculation 
was observed due to the combustion chamber geometry. This will help in 
better fuel air interaction, which will lead to better combustion and 
performance. In the case of SCC swirl velocity was very low (Max: 7.743 
m/s) and for HCC (Max: 10.56 m/s) and TCC (Max: 12.28 m/s) swirl 
velocity was higher than SCC. The maximum swirl velocity of SRCC (Max: 
14.02 m/s) lie in between TCC and TRCC.  
 It was observed that for all the combustion chamber geometries, the 
radial distribution of swirl velocity component increased as the observation 
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location was moved towards the bowl from the cylinder wall. When the 
observation location moved towards the bowl the frictional effect was less 
than the location of the cylinder wall [41, 42]. This led to the increase of 
mean swirl velocity near the bowl. Same trend was observed for all other 
combustion chamber configurations. It can also be seen from the Figures 3, 
5, 6 and 7 that the swirl velocity was not so uniform throughout the cylinder 
and maximum occurred near the outer periphery of the bowl. However for 
SCC (Figure 4), the flow structure was so uniform and the maximum velocity 
magnitude was considerably less compared to TRCC. The TRCC created a 
strong swirl velocity at all locations due to its configuration. At compression 
TDC the max swirl velocity for HCC, SCC, TCC and SRCC were lower by 
44%, 59%, 35.2% and 26% respectively compared to TRCC. The calculated 
velocities were generally in good agreement with the experimental results of 
Chen et al [43]. 
 
Swirl ratio  
Figure 8 shows the details of swirl ratio (SR) during suction and compression 
for all the combustion chamber geometry configurations viz., HCC, SCC, 
TCC, SRCC and TRCC. As could be seen from the Figure 8 that, during 
compression the SCC produced very low swirl with peak swirl ratio value of 
2.17, whereas, the TRCC produced the maximum swirl with peak swirl ratio 
value around 3.26, which was 1.5 times higher than SCC. The SRCC had 
swirl ratio in between TRCC and TCC with peak swirl ratio value around 
3.04. It was also seen that increase of swirl ratio was more or less same for 
all the combustion chambers during the early stage of suction process. 
 
 
Figure 3: Swirl velocity vector at 360o CA aTDC for HCC 
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Figure 4: Swirl velocity vector at 360o CA aTDC for SCC 
 
 
 
 
 
Figure 5: Swirl velocity vector at 360o CA aTDC for TCC 
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Figure 6: Swirl velocity vector at 360o CA aTDC for SRCC 
 
 
 
Figure 7: Swirl velocity vector at 360o CA aTDC for TRCC 
 
This shows that combustion chamber plays a less significant role on swirl 
during suction process. During the early stage of suction process, the increase 
in swirl between 0o and 110° aTDC was quite considerable [44]. Further, it 
may be noted that the first peak occurring around 110° aTDC from the start 
of suction. This was attributable to the piston acceleration and reduction of 
pressure inside the cylinder. After reaching the peak around 110° aTDC, 
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swirl ratio started reducing due to the increase in volume of cylinder and 
closing of the intake valve. This was also caused by the reduction of mass 
flow rate of incoming air and the friction between the wall and air inside the 
cylinder. 
 This decreasing trend continued in the first part of the compression 
stroke due to friction at the wall. However, beyond 300° aTDC swirl ratio 
started increasing. This was due to the axial upward flow induced a gradual 
increase of the swirl velocity in the top part of the piston [45]. It was also 
noted that the increase in swirl was quite small for SCC and the maximum 
swirl ratio was obtained for TRCC. Figure 8 shows the high intensity of swirl 
ratio for the TRCC, due to the combustion chamber configuration. Thus, it 
was well established that TRCC configuration was the best for sustaining 
swirl near the compression TDC. This result was in good agreement with the 
findings of Gunabalan and Ramaprabhu [41]. The different combustion 
chamber configurations i.e. HCC, SCC, TCC and SRCC had lower 
maximum swirl ratio by 22%, 33%, 14% and 6.7% respectively at 360o CA 
aTDC compared to that of TRCC. The maximum swirl ratio obtained for five 
combustion chamber geometries are tabulated in Table 2. The predicted swirl 
ratio values were largely in good conformity with the calculated swirl ratio 
results of Payri et al [46]. 
  
 
Figure 8 Comparison of swirl ratio for different combustion chambers 
 
From Table 2 it was observed that, TRCC showed higher swirl ratio of 28% 
than baseline bowl HCC. These predictions were similar to the findings of 
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Payri et al [46], Gunabalan and Ramaprabhu [41] and B. Paul and V. 
Ganesan [44].The projection at the center of the TRCC and the lip provided 
reduced the effective diameter of the chamber, there by increased the angular 
momentum which results in higher swirl ratio. After compression TDC, 
during the expansion stroke, reverse squish as the flow exits from the piston 
bowl and wall friction contribute to the sudden fall of the swirl velocity. 
 
Table 2: Mass average swirl ratio for five different combustion chamber 
geometries 
 
Combustion chamber 
geometry 
Max swirl during 
suction stroke 
Max swirl during 
compression stroke 
HCC 3.07 2.52 
SCC 3.06 2.17 
TCC 3.08 2.79 
SRCC 3.12 3.04 
TRCC 3.16 3.26 
 
 
Turbulent kinetic energy  
Figure 9 to Figure 13 show the Turbulent Kinetic Energy (TKE) for different 
configurations of combustion chambers at compression TDC. It was 
observed that the configuration of the combustion chamber of the engine 
directly affects the turbulence of the fluid inside the cylinder particularly 
during the end of the compression stroke. During the compression process 
the highest value of TKE was observed for TRCC at TDC [34]. At the 
beginning of suction stroke the air flows smoothly into the cylinder and the 
TKE gradually increased from 0° CA to maximum valve lift (at 110˚ crank 
angle) and then decreased with respect to the piston movement [47]. This 
was due to the mass flow reduction caused by the closing of the valve. It was 
also observed that high values of turbulent kinetic energy were found at the 
inlet valve exit, for all configurations. Turbulent kinetic energy started to 
decrease when the valve lift reached higher level and declined during the 
second half of induction [44]. Further, similar type of variation in TKE was 
reported by B. Murali Krishna and J.M. Mallikarjuna [48]. 
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Figure 9: TKE contour plot for HCC at 360° CA aTDC 
 
 
 
 
 
Figure 10: TKE contour plot for SCC at 360° CA aTDC 
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Figure 11: TKE contour plot for TCC at 360° CA aTDC       
 
 
 
 
 
 
Figure 12: TKE contour plot for SRCC at 360° CA aTDC 
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  Figure 13: TKE contour plot for TRCC at 360° CA aTDC 
 
For all the five combustion chamber geometries the same trend was 
observed during induction process and the variation of TKE for all five 
combustion chambers were identical; this means that the combustion 
chamber geometry does not play any major role in the turbulence generation 
during induction [46]. However, it was observed that during compression, the 
combustion chamber plays an important role in generating the turbulence 
inside the cylinder.  
As could be seen from the Figure 14 that, at the  end of compression, 
the TRCC produced very high turbulence with peak TKE value of around 
23.21 m2/s2 whereas the baseline HCC produced the peak TKE value of 
around 10.65 m2/s2, which was 2.18 times lower than TRCC. The SRCC had 
peak TKE value of around 18.32 m2/s2 which, lie in between TRCC and 
TCC. It was also noted that the peak TKE value, was quite small for SCC 
(8.74 m2/s2) compared to other combustion chamber configurations. The 
peak TKE values for SRCC, TCC, SCC and HCC in comparison with that of 
TRCC decreased by 21%, 35.7%, 54% and 62% respectively at 360o CA 
aTDC. From the Figure 14 it can also be seen that lower values of TKE were 
observed for open bowl than re-entrant chambers, since the squish effect in 
these combustion chambers was smaller. The turbulent kinetic energy for the 
TRCC was found higher at compression TDC and early stage of expansion 
stroke. This was attributable to the shape of the combustion chamber i.e. the 
projection at the center of the TRCC and the lip provided reduced the 
effective diameter of the chamber, which results in higher TKE [45]. Thus 
TRCC seem to conserve better their turbulent energy. 
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Figure 14: In-cylinder peak TKE at the end of compression for different 
combustion chambers 
 
Conclusion 
 
Based on the simulation of non-firing, in-cylinder flow analysis for the five 
combustion chamber configurations of DI diesel engine, the following 
observations and results can be highlighted;  
 
1. Swirl generation of TRCC configuration was better than other piston 
bowl configurations. The effect of bowl geometry was quite prominent 
during the compression than the induction process. The predicted swirl 
velocity was low for the open bowl configurations compared to other 
two re-entrant bowl configurations. 
2. It was found that piston bowl plays a less significant role on swirl 
generation during suction process. During compression the TRCC 
produced the maximum swirl with peak swirl ratio value of around 3.26, 
which was 1.29 times higher than the baseline HCC. Compared to 
TRCC, the other piston bowl configurations i.e. HCC, SCC, TCC and 
SRCC had lower, maximum swirl ratio by 22%, 33%, 14% and 6.7% 
respectively at 360o CA aTDC. 
3. TRCC configuration was found to have higher in-cylinder turbulence 
compared to the other piston bowl configurations. The peak TKE values 
for SRCC, TCC, SCC and HCC in comparison with that of TRCC were 
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lower by 21%, 35.7%, 54% and 62% respectively at 360o CA aTDC. 
Comparison of TKE shows that, the configuration of the combustion 
chamber directly affects the turbulence of the fluid inside the cylinder, 
particularly at the end of the compression stroke.  
 
 The results of these investigations show that during compression of 
DI diesel engine, the combustion chamber configuration plays a significant 
role in deciding the swirl and turbulence levels inside the cylinder. TRCC 
provides better air motion in the cylinder than other combustion chamber 
geometries. 
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